tions into soils can affect significantly the fate of nonpolar and polar organic compounds in the soils. Organic areas irrigated with wastewater or amended with sewage
amino)-4-isopropylamino-6-methyl-thio-s-triazine] obtained for the HoN fractions suggest that their sorption is governed by hydrophobic-
sisted by the presence of DOM (Fitch and Du, 1996;  like interactions rather than H bonding. The values of binding coeffi- Nelson et al., 1998; Graber et al., 2001 ).
cients of PAHs measured for the HoN fractions were within the
Sorption and transport of many organic chemicals range reported for humic acids and much higher than other fractions, by DOM or soluble humic substances were extensively suggesting that this fraction plays an important role in the overall investigated (Lee and Farmer, 1989; Chin et al., 1997;  sorption of these compounds by DOM. Higher sorption coefficients Raber et al., 1998; Perminova et al., 1999; Cox et al., were measured for the Netanya DOM sample containing higher level 2000; Williams et al., 2000; Kopinke et al., 2001 ; Poerschof hydrophobic fractions (HoA ϩ HoN) than the Lachish DOM, man and Kopinke, 2001; Kulikova and Perminova, 2002;  suggesting that the sorption of hydrophobic organic compounds by MacKenzie et al., 2002) . However, only a few studies DOM is governed by the level of these structural substances. The have investigated the effect of DOM from wastewater evaluation of mobility of organic pollutants by wastewater irrigation requires not only assessment of the total carbon concentration but on the sorption of pesticides and other organic contamialso, more importantly, the content of the hydrophobic fractions.
nants (Graber et al., 1995; Lee, 2000, 2001) . Still the role of DOM in the sorption and transport of hydrophobic organic compounds is not fully understood. suggested that very high concentra-R ecycled wastewater effluents are an important tions of dissolved organic carbon (DOC; Ͼ150 mg/L) source of irrigation water in arid and semiarid reare needed to suppress significantly the sorption of trigions. The use of the treated effluent in agriculture azine herbicides by soils. Spark and Swift (2002) conimproves the overall water budget and allows the freshcluded that the DOM from soil has little or no effect water to be shifted from agricultural users to domestic on the sorption and transport of some pesticides. Celis and industrial needs. Treated wastewater contains higher et al. (1998) reported that DOM from limed sewage concentrations of suspended and dissolved organic and sludge reduces atrazine sorption to soil, but DOM exinorganic matter as compared with freshwater. Influx tracted from composted sludge exhibits elevated atraof these components into soils can affect the soil physical zine sorption to soils due to increased atrazine-DOMand chemical properties, such as hydraulic conductivity, soil interactions. These studies clearly indicate that infiltration, and sodium adsorption ratio (Levy et al., DOM can affect the sorption of hydrophobic pesticides 1999; Tarchitzky et al., 1999; Mamedov et al., 2000) . in soils. However, the diverse affects of the DOM sugAnother potential effect of intensive irrigation with gest that its chemical nature and composition play an treated wastewater is an increase in the level of DOM important role in the sorption mechanism. in the soil profile, as well as possible changes in the Wastewater DOM is highly heterogeneous in size and chemical properties and composition of the soil organic chemical composition. The molecular masses of the matter. The influx of relatively high DOM concentra-DOM range from less than 500 to more than 5000 Da (Imai et al., 2002) , and it is comprised of a mixture of of effluent wastewater, lake, soil, sludge, and compost † Octanol-water partition coefficient.
DOM (Chefetz et al., 1998a (Chefetz et al., , 1998b (Chefetz et al., , 1998c Raber et al., 1998; Imai et al., 2002) . In this study, we aimed to investimaterial and then compressing the mixture into pellets. To gate the mechanism governing the binding of s-triazine obtain the FTIR spectra, 40 scans were collected; spectra were herbicides (atrazine and ametryn) and PAHs (fluorancompared after applying a linear baseline correction at 4000, thene, phenanthrene, and pyrene) to hydrophobic struc- The partitioning coefficients of the pesticides to the DOM tion ponds (Lachish). Both types of treated wastewater are fractions (bulk Ͼ 1000, HoA Ͼ 1000, HoN Ͼ 1000) were used for irrigation in agriculture. During sampling, the wastemeasured using dialysis-bag sorption experiments (Carter and water was filtered through a 0.45-m filter (Polypure; Pall Suffet, 1982; . Spectral/Por 6 dialysis bags Corporation, East Hills, NY) and NaN 3 (200 mg/L) was added (Spectrum Laboratories, Rancho Dominguez, CA) with a moto the sampling containers to inhibit microbial activity. Samlecular weight cut-off of 1000 Da were washed with distilled ples were placed in the refrigerator immediately on reaching water, 1 M Na 2 CO 3 , 1 M NaHCO 3 , and again in distilled water the laboratory and were stored for not more than 3 d before before use. The DOM solutions at concentrations of 40 to use. A portion of the wastewater was concentrated using a 610 mg DOC/L were prepared by dissolving the freeze-dried Prep/Scale ultra-filtration system (Millipore, Billerica, MA) samples in 20 mL of 0.1 M NaOH. The solutions were stirred with a molecular weight cut-off of 1000 Da. Both the DOM overnight, then the pH values were measured and adjusted that was not concentrated, and the concentrated DOM (Ͼ1000 to 7.8 (the pH value of the wastewater) using 0.5 M HCl. Da) were fractionated to hydrophobic acid (HoA) and hyThe volume of the solutions was adjusted to 100 mL with drophobic neutral (HoN) fractions based on sorption behavior background solution (5 mM CaCl 2 and 200 mg/L NaN 3 ). Beon DAX-8 resin (Sigma-Aldrich, St. Louis, MO) as described fore using, the solutions were filtered (0.45 m) and if necesin detail by Leenheer (1981) and Chefetz et al. (1998a) . The sary, the pH was readjusted. Aliquots (5 mL) of the solutions hydrophilic fractions (not adsorbed to the resin) were colwere placed in the dialysis bags. Before the sorption experilected but were not used in this study because the tested ments, the bags were dialyzed overnight against background sorbates exhibited very low sorption affinities toward these solution to ensure that during the sorption experiments only fractions in preliminary experiments. The DOC concenthe Ͼ1000-Da DOM fraction is used. trations were measured immediately after the sampling and
The dialysis bags containing DOM were placed in 40-mL fractionation procedure using a combustion TOC analyzer glass test tubes containing 5 mL of background solution with (Formacs HT ; Skalar Analytical, Breda, the Netherlands). The atrazine or ametryn at concentrations ranging from 0 to 20 HoA and HoN sample fractions were freeze-dried and stored mg/L. The tubes were agitated in the dark on a platform shaker in a desiccator. Dissolved organic matter, HoA, and HoN at 90 rpm for 2 d at 25ЊC. Data obtained from preliminary samples were also obtained from a mature compost of municiexperiments indicated that 2 d is sufficient time for sorbatepal solid waste as described by Chefetz et al. (1998b) . sorbent equilibrium. Two types of blanks were measured: (i) blank tubes in absence of DOM to verify that pesticide concen-
Dissolved Organic Matter Characterization
trations inside and outside the bag were equal; and (ii) blank tubes with DOM without pesticides for DOC measurements. Freeze-dried samples (DOM, DOM Ͼ 1000, HoA, HoA Ͼ 1000, HoN, HoN Ͼ 1000) were analyzed in triplicate for C, Sorption to the dialysis bag was found to be negligible. Pesticide concentrations inside and outside the dialysis tubes were H, and N contents with an EA 1108 elemental analyzer (Fisons Instruments, Milan, Italy). The total acidity of the samples was determined using L-7100 LaChrom HPLC (Merck-Hitachi, Darmstadt, Germany) equipped with a photodiode array detecdetermined using a procedure described for humic substances (Swift, 1996) . The Fourier transform infrared (FTIR) spectra tor. Atrazine and ametryn were detected using a LiChrospher RP-18 column (25 cm ϫ 4 mm, 5 m), with a 70:30 (v/v) of freeze-dried samples were collected for the wavenumber range of 4000 to 400 cm Ϫ1 on a 550 Magna-IR spectrometer acetonitrile to water mobile phase at a flow rate of 1 mL/min. Both triazines were detected using absorbance at 220 nm and (Nicolet Instruments, Madison, WI). Samples were oven-dried at 65ЊC for 48 h and finely ground before analysis (Chefetz were quantified using external standards. The adsorbed amounts were quantified as the difference between pesticide concentraet al., 1998a). Samples were prepared for the analyses by mixing 98 mg of KBr (Sigma) total DOC in the Netanya wastewater vs. only 30% in the Lachish sample. The level of the HoN fraction was Sorption Experiments with Polycyclic similar in the two samples (8-9% of the total DOC).
Aromatic Hydrocarbons
The relative percentage of the HoA in the hydrophobic fraction was 88 and 76% for the Netanya and Lachish
The binding coefficients of the PAHs to the DOM fractions (HoA, HoN) were measured using solid-phase microextracsamples, respectively, and the relative percentage of the tion (SPME), which is a very useful method for determining HoN in the hydrophobic fraction was 12 and 23% for intensities, and minor peaks of methyl and methylene vibrations. The intensity of the carboxyl vibration band
made it the governing peak in the spectra of the HoA fractions isolated from compost DOM and Netanya where n 1 and n 2 are the amounts of the sorbates extracted by wastewater, but it was shifted to lower frequency (1652 the SPME fiber from solution containing DOM and from solution without DOM, respectively, and C DOC is the DOC Lachish HoA fraction was also characterized by a lower acidity value as compared with the fractions isolated from Netanya and compost (Table 2) . Moreover, the
RESULTS AND DISCUSSION
Netanya and compost HoA samples exhibited similar
Wastewater Dissolved Organic
C levels and H to C atomic ratios (1.29), which were
Matter Characterization
lower than the H to C ratio recorded for the HoA fraction from Lachish (1.42). The higher H to C ratio of Dissolved organic matter contains a mixture of lowthe fraction from Lachish suggests its higher aliphaticity. molecular-weight compounds and chemically heteroge-
The FTIR spectra and the chemical properties of the neous macromolecules (Qualls and Haines, 1991) . Thus, HoA fractions (except that from Lachish) were similar preliminary fractionation is essential for the better unto data recorded for other isolated HoA fractions and derstanding of the contribution of the individual strucfulvic acids (Qualls and Haines, 1991; Chefetz et al., tural components to overall sorption properties. The 1998c). It has been suggested that the HoA fraction DOM from the activated-sludge treatment plant in Netresembles a light fraction of fulvic acid. The spectrum anya was composed of 33% hydrophilic and 67% hyof the Lachish HoA fraction suggests that it has lower drophobic fractions (on a C basis). The content of the carboxylic content and it is richer in polysaccharide and hydrophobic fraction (HoA ϩ HoN) was only 38% of paraffinic structures than the other HoA fractions. The the total carbon in the wastewater DOM isolated from the oxidation-pond treatment facility in Lachish. The different wastewater treatments resulted not only in DOM containing different contents of HoA (60 vs. fractions in the DOM and increases the oxidation stage of these fractions. This hypothesis is supported by the 30%) but also HoA fractions exhibiting different chemical properties. Therefore, it is suggested that advanced high carboxyl content exhibited by the HoA isolated from the final stages of composting. wastewater treatment increases the level of hydrophobic 3 and the sorption coefficient data are summarized in Table 3 . Within the measured atrazine concentrations, all isotherms were linear (r 2 Ͼ 0.97), suggesting that In contrast to the FTIR spectra of the HoA fractions, partitioning is the major sorption mechanism. In all the carboxylic CϭO vibration peak is absent in spectra cases, sorption of atrazine to the HoN fraction was of the HoN fractions, suggesting less of a polar characgreater than to the HoA and unfractionated DOM samter. As a result, the relative intensities of the paraffinic ples. These data are contradictory to the hypothesis and aromatic functionalities (peaks at 1660 , that high content of carboxylic functionalities and high and 1440 cm Ϫ1 ) were pronounced significantly. The acidity values, as was exhibited by the HoA fractions, HoN spectra from the wastewater samples exhibited would lead to increased sorption due to H bonding. At significantly higher carbohydrate levels than the fraction the pH of the solutions (7.8), the carboxylic groups of isolated from the compost water extract. The HoN fracthe HoA can interact with atrazine by forming H bonds tions from the wastewater exhibited lower acidity values with the hydrogen atom of the side-chain amino group of the triazine molecule. However, it appears that specific than the corresponding HoA samples. The HoN samatrazine-DOM interactions were dominated by nonspeples from the compost exhibited higher acidity values cific (hydrophobic-like) sorbent-sorbate interactions bethan other HoN samples and even a higher value than cause the sorbents containing higher carboxylic functhe corresponding HoA sample. The H to C ratio and tionalities (i.e., HoA) exhibited lower sorption potential the FTIR spectra suggest that the HoN fraction is comthan the HoN fractions. The measured atrazine distribuposed of aliphatic (paraffinic) structures with a low level tion coefficients for the HoA and HoN fractions were of polar functionalities.
within the range reported for soluble humic substances The sorption coefficients of the triazine herbicides (Kulikova and Perminova, 2002) , but higher than the were measured using 1000-Da dialysis tubes. We therevalues reported for DOM from municipal waste effluent fore performed FTIR measurements for the HoA Ͼ and swine effluent . The higher 1000 Da and HoN Ͼ 1000 Da samples. The main differ-K DOC values recorded in this study probably resulted ences between the spectra of the unfractionated (bulk) from the predialysis treatment performed in our study and the Ͼ1000-Da samples ( Fig. 1 and 2, respectively) to eliminate the Ͻ1000 Da residual DOM fractions. were a relative increase in peak intensities of the polyThe Ͻ1000 Da DOM can reduce the overall measured saccharides (1000-1100 cm
Ϫ1
) and aromatic CϭC (1620 uptake by a sample. cm Ϫ1 ) vibration bands as compared with the intensities Another interesting observation is that the measured of the carboxyl CϭO and saturated C-H stretch vibra-K DOC values for the fractions isolated from the two tion peaks. The same trend was observed for all HoA Ͼ wastewater samples can be arranged in the following 1000 Da and HoN Ͼ 1000 Da samples, but it was more order: HoN Ͼ DOM Ͼ HoA. For the fractions isolated pronounced for the fractions isolated from the Lachish from the compost water extract, the measured K DOC DOM (Fig. 2) . These data suggest that the higher-molecvalue of atrazine with HoA was three times higher that ular-weight fraction of both HoA and HoN samples is those obtained for the DOM. The relatively similar K DOC composed of a polymeric structure of covalently linked values calculated for the HoN and HoA samples indicarbohydrates. The content of the linked-carbohydrate cate similar sorptive properties within each group of structures is probably significantly lower in the low mosorbents. We suggested that the lower polarity of the lecular weight (Ͻ1000 Da) fraction. Similar conclusions HoN (i.e., the absence of carboxyl band in the FTIR have been reported by Guggenberger and Zech (1994) . spectrum) isolated from Lachish DOM resulted in The relative enrichment of the Ͼ1000-Da fractions with higher K DOC values. The presence of polar functional polysaccharides and aromatic structures will be further groups in the HoA fractions probably decreases the discussed in relation to the sorptive properties of this overall hydrophobicity of this sorbent, thus reducing its affinity to nonpolar organic chemicals. These findings fraction. support the hypothesis that nonspecific hydrophobic which decreases the overall hydrophobicity of a sorbent, can be important rather than the total level of the sample binding is the key interaction of atrazine with DOM. Similar conclusions were drawn by Kulikova and Permiaromaticity or aliphaticity. Atrazine showed higher complexation than ametryn nova (2002), who investigated atrazine sorption by dissolved humic substances. They demonstrated the importo both the HoA and HoN fractions ( Fig. 4 ; Table 3 ). Ametryn is expected to exhibit lower sorption affinity tance of aromatic structures for the atrazine sorption to the DOM. Our experiments show very high sorption than atrazine due to its higher aqueous solubility (Sluszny et al., 1999) . It is important to note that the partition coefficients for samples rich in paraffinic moieties. Therefore, we speculate that the nonspecific binding of coefficient values for ametryn to HoA were close to the values obtained for atrazine (except for HoA from atrazine can be governed by both aromatic and aliphatic domains of the DOM. Moreover, the location of the polar Lachish), whereas the K DOC values calculated for ametryn by the HoN samples were significantly lower than functionalities (linked to aliphatic or aromatic moieties), high-affinity sorbing agent in the DOM mixture.
Value Ϯ standard deviation.
The K DOC values for phenanthrene and fluoranthene with the HoN sample from Netanya were higher than the values recorded for the atrazine by the same sorbent.
the values calculated for the HoN sample isolated from Moreover, a higher ratio (atrazine K DOC to ametryn K DOC ) the Lachish wastewater. The opposite trend was shown was exhibited by the Lachish HoN sample than the for pyrene. The lower oxygen content and higher aliNetanya HoN sample (4.2 versus 3.7, respectively). The phatic nature of the HoN sample from Lachish probably lower sorption obtained for the HoA samples as comfacilitated the sorption of pyrene, which is larger in pared with the HoN samples and the higher sorption size and more hydrophobic than the other solutes. This recorded for HoN samples, which exhibited the less assumption is supported by the markedly low sorption polar functionalities, suggest that the main sorption coefficients calculated for the HoN sample from the mechanism of ametryn is hydrophobic interactions. compost water extract. The compost HoN sample is Several aspects must be taken into consideration when characterized by a high level of carboxyl and hydroxyl trying to elucidate the sorption of triazines to the bulk functionalities, as well as by a higher acidity level (456 (unfractionated to Ͼ1000 Da) DOM: (i) the ability of cmol/kg, vs. 385 and 151 cmol/kg for HoN from Netanya the higher-molecular-weight sorbents to provide more and Lachish samples, respectively). The HoA sample hydrophobic sites; (ii) the different chemical properties from the Lachish wastewater exhibited the higher K DOC of the bulk and Ͼ1000-Da DOM samples; and (iii) the values for all PAHs than other HoA samples. This samrelative amount of the higher-molecular-weight fraction ple exhibited the lowest level of total acidity among in the bulk DOM sample. Our collected data for the the HoAs (Table 2) . Moreover, the HoA sample from PAHs (see below, sorption to the unfractionated and Lachish is characterized by a higher H to C ratio (1.42), Ͼ1000-Da fractions) show that the Ͼ1000-Da fractions as compared with a ratio of 1.29 calculated for the fracsorb significantly higher amounts of analytes than the tions isolated from the compost water extract and Netcorresponding bulk samples. Therefore, it is speculated anya wastewater. These findings support the data obthat sorption experiments with bulk DOM samples tained for the atrazines; it seems that the presence of would lead to lower binding coefficients of the triazine polar functional groups in the HoA fractions reduces herbicides than the measured values, but the differences their affinity to interact with nonionic organic chemicals. between the sorbents (HoN vs. HoA) are expected to It is also suggested that the aliphatic-or paraffinic-like remain the same (i.e., HoN Ͼ HoA).
domains within the HoA or HoN sorbents provide a hydrophobic environment, assisting in the sorption of
Sorption of Polycyclic Aromatic Hydrocarbons
very hydrophobic sorbates (Piccolo et al., 1998) . Kopinke et al. (2001) reported higher sorption coeffiThe calculated sorption coefficients for the tested cients for pyrene to water-soluble humic acids than to PAHs are summarized in Table 4 . Based on their hydrofulvic acids. They found that an increase in sorbent phobicity level, pyrene exhibited the highest and phenaromaticity results in a higher sorption potential and anthrene the lowest K DOC values. As observed for the that the more polar sorbent exhibits lower sorption potriazine herbicides, all tested PAHs exhibited higher tential. Our data follow the same trend, which is in sorption affinity toward the HoN fractions than toward agreement with the polarity differences between the the more polar sorbent HoA. Because the sorption exHoN and HoA sorbents. The pyrene K DOC values meaperiments were conducted using the SPME technique, sured for the HoA fractions were lower than the values and phase separation (bound vs. free analyte) was reported for soluble humic and fulvic acids, but the not required, we used the unfractionated samples (the values measured for the HoN fractions were within the Ͼ1000-Da samples were used for the sorption experirange reported for humic acids (Kopinke et al., 2001) . ments with the triazines). To reveal if PAH exhibited higher binding affinity toward higher-molecular-weight By contrast, our K DOC values for all tested PAHs were significantly lower than the values obtained for soil up a relatively small portion of the DOM (Ͻ10%) and is mainly composed from aliphatic moieties, it is a domi-DOM samples using a fluorescence-quenching technant sorbent, especially in DOM, which is characterized nique (Raber et al., 1998) .
by low hydrophobicity. The role of this fraction (HoN) in the mobility and transport of organic pollutants in CONCLUSIONS soils is not yet clear. Guo and Chorover (2003) conThe reported partition coefficients are of major imcluded that the fulvic acid-like hydrophobic and aroportance for estimation the sorption of hydrophobic matic fractions of DOM are selectively retained in soil organic compounds by wastewater DOM. As indicated columns. Based on its higher hydrophobicity, the HoN by the obtained K DOC values, the hydrophobic neutral fraction is therefore expected to significantly interact (HoN) fraction showed significant sorptive capacity towith the soil matrix, thereby reducing the mobility of DOM-adsorbed hydrophobic organic compounds. ward organic pollutants. Although this fraction made 
